Abstract-A differential amplifier for gigahertz bandwidth electrical signals using fiber optics and integrated optical devices was demonstrated. The differential gain was a function of the electrical to optical and optical to electrical conversion factors. The common mode rejection ratio of our differential amplifier at 1 GHz was greater than 30 dB. The common mode rejection ratio depended on the time difference between the differential amplifier inputs. This device could be used as an integrated module in radar and communications systems.
INTRODUCTION
HE operational (differential) amplifier is today the most T widely used analog subassembly [ 13. Electronic differential amplifiers are usually limited to bandwidths less than 200 MHz. Some optoelectronic differential amplifiers have been developed for gigahertz signal bandwidths [2] , [3] . These previous optoelectronic approaches were based on a balanced heterodyne receiver design. The electrical-to-optical and optical-to-electrical conversion was used to electrically isolate the two input signals. The actual signal subtraction was done electronically. This type of circuit has two disadvantages. First, it requires that the constituent devices be carefully selected so they have matching characteristics. Second, the inductors, capacitors, and resistors in the balancing network can limit the frequency response of the differential amplifier.
In the optoelectronic differential amplifier we present here we do the signal subtraction while still in the optical domain. This new approach has several advantages over previous wideband differential amplifiers. We have eliminated the need for a balancing network, increased the usable bandwidth, developed a variable gain mechanism, and improved the linear and the spurious free dynamic range.
DEVICE OPERATION
A schematic of the optoelectronic differential amplifier is shown in Fig. 1 . The light from a 1.3 pm CW laser diode was conveyed, via single mode fibers and a 3 dB coupler, through two integrated optical couplers (IOC's), and recombined at an InGaAs detector. This is an ac coupled system. The IOC's are the most critical components of the differential amplifier. For this application, the IOC's were used as modulators. The electrical signals of interest, g( t ) and h ( t ) , were applied to IOC-1 and IOC-2, respectively. The optical modulators were biased with voltages V1 and V 2 to the linear portion of their response curve. Only one output port of each IOC was used. The modulated optical intensity out of port A of these IOC's is in-phase with respect to the RF input signal, and the intensity out of port B is 180" out-of-phase with respect to the RF input. The output ports of each IOC were chosen so that the intensity modulation corresponding to g ( t ) was in-phase, and the intensity modulation from h ( t ) was out-of-phase, with respect to the RF inputs. The summation of the two signals with a 180" phase shifi was equivalent to subtracting h( t ) from g( t ) .
The IOC's used in our experiments were 3 GHz bandwidth Mach-Zehnder interferometers 141. IOC's with signal bandwidths up to 18 GHz are commercially available [5] . The intensity modulation from our IOC's had a cosine-squared response to the electronic input signal, but most other types of IOC's can also be used.
Differential amplifier operation requires that the two electrical signals be subtracted coherently at the electronic signal frequency. In order for this to occur, it is essential that the two intensity modulated signals be summed incoherently at the optical carrier frequency while maintaining coherence at the electronic signal frequency. By summing the optical signals incoherently we eliminated optical interference effects. In our experiment, we ensured that the signals summed incoherently by introducing a path difference longer than the laser coherence length (I,) into the system. This was done by satisfying I I1 -12 1 % I,.
(1)
The lengths of the optical fibers out of the IOC's, 13 and l4, must be equal for the signals to be subtracted simultaneously. The tolerance on 13 and 14 depends on the highest frequency component in the electrical signal fH.
Other approaches could be used to ensure that the optical signals are summed incoherently. For example, two different laser sources could be used, one injecting light into IOC-1 and one for Ioc-2.
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RESULTS
This differential amplifier has the signal properties of two analog optical communications links combined at the detector. The common mode rejection ratio (CMRR) can approach the dynamic range of the system. Our system had, (in a 1 Hz bandwidth), a linear dynamic range of 134 dB, a minimum detectable si nal of -157 dBm, spurious free dynamic range of 98 dB/Hz2j, and third-order intercept of -11 dBm. These values can be improved by choosing appropriate components.
The differential amplifier gain/loss depends on the loss and gain in the system. Loss is due to optical device insertion and coupling losses. Gain or loss depends on the V'K of the IOC: the smaller V T , the larger the gain. Gain can be increased by increasing the intensity of the laser or by introducing optical amplifiers. In this experiment, the IOC insertion loss was = 6 dB, V r = 8 V, and the optical power from the laser diode was 70 mW. The RF drive power was +5 dBm. The minimum drive power is limited by the noise in the bandwidth of interest. The net gain of our measuring system was = -35 dB. RF gains as high as +11 dB have been reported for related systems [6]. The RF input to output gain could be even higher with the use of optical amplifiers.
Since the loss/gain of the two optical paths is not generally the same, it is advantageous to use the two laser approach so the intensity incident on the detector from each path can be equalized. The transfer function of the IOC's does not vary significantly from device to device because it is a physical characteristic of the modulator, unaffected by manufacturing conditions. Therefore, it is possible to make the common mode rejection ratio of the differential amplifier approach the dynamic range of the system by equalizing the gain of the two paths. The common mode extinction for very wide bandwidth signals will be less because the IOC frequency response over the multigigahertz bandwidth is device dependent.
For measurement purposes, we defined the CMRR as the ratio of the electrical power out of the differential amplifier for the case where an input signal g ( t ) was applied and h ( t ) = 0, to the case where the input signals g ( t ) and h ( t ) were equal. The CMRR was measured at several frequencies from 100 MHz to ps. This could be done easily by putting the two IOC's together in an integrated optic differential amplifier module. For very small path differences, the CMRR is limited by the spurious free dynamic range of the differential amplifier. We predict that the largest CMRR we could obtain at 1 GHz with our system would be 70 dF3. This is for -10 dBm input signals and the output path length differences less than 50 fs. We have demonstrated a new optoelectronic wideband differential amplifier. Unlike previous optoelectronic systems, the signal subtraction was done in the optical regime. This design does not require careful matching and tuning as in electronic wideband differential amplifiers or balanced circuit configurations . This differential amplifier implementation takes advantage of recent developments in low noise, large dynamic range, analog fiber optic communications systems. Custom device development could improve the differential amplifier performance, but it is not necessary. This differential amplifier module could be a useful component in radar and communications systems.
